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ABSTRACT

Ion-selective electrodes (ISEs) have extensively been used for food analysis, as medical
diagnostic tools, and for some environmental applications. However, ISEs are hindered by the
need of a bulky reference electrode and the pre-conditioning step of the sensor, which can often
be lengthy. This work will discuss how the direct addition of target analyte into the cocktail
sensing membrane can circumvent the pre-conditioning step. Furthermore, the work is presented
in an optimized ready-to-use single strip design, where the bulky glass reference electrode (RE)
is no longer needed. The bulky RE was replaced by drop casting a simple two-component
mixture consisting of the co-polymer methyl methacrylate-co-decyl methacrylate and the ionic
liquid 1-Ethyl-3-methylimidazolium bis (trifluoromethane sulfonyl) amide. Furthermore, this
work will also highlight the benefits of solid-contact ISEs, specifically focusing on two solidcontact platforms: 1) paper-based and 2) a micro-electrode platform. Paper-based based sensors
were designed to be used as a possible diagnostic tool to be implemented in undeveloped
countries to monitor low levels of potassium and iodide, as model ions. The micro(µ) ISEs were
applied for the in-situ analysis of zinc in citrus plants as a mean to monitor and assess disease
progression or therapy.
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CHAPTER ONE: INTRODUCTION AND LITERATURE REVIEW

1.1 Motivation
The development and distribution of inexpensive, low energy, flexible and portable devices for
in-field and point-of care (POC) testing, are now a necessity for marginal areas and
underdeveloped countries, where institutions are often swamped with patients and needed exams
cannot be done in time. Similarly, due to low economical resources and lack of water control,
high levels of toxic metals can be found in drinking water and soil. Ion-selective electrodes
(ISEs) are considered to be promising field deployable tools that possess the necessary qualities
for performing analysis in drinking water and other matrices. ISEs possess a high degree of
versatility, selectivity and availability to perform trace level analysis similar to well established
methods [1,2]. They are a class of potentiometric sensors, which operate at zero current conditions
and have been around since 1906, were the popularly known pH glass electrode was discovered
by Max Cremer [3]. Other types of ISEs, like crystalline and polymer- based ISEs soon followed
in the early and mid-1960s. Here, focus will be made on polymer-based ISEs, due to their ability
to detect a wide range of ions in comparison to the former discussed ISEs. Although much
research has been done to optimize polymer-based ISEs, [4-6] understanding the transduction
mechanism of new solid-contact platforms (discussed in item 1.3), development of robust
calibration free electrodes and preparing all-solid-state calibration free ISEs still remains a
challenge for commercialization purposes. Thus, optimization of phase boundary potential via
development of new transduction materials still leaves ample room for research prior to
commercialization. This thesis will discuss the optimization of ISE conditioning protocol
1

adapted to a solid-contact (SC) platform, as well as the incorporation of a simple, paper-based,
flexible platform for in-field analysis discussed in chapter two. The application of ISEs was
further extended to monitor zinc uptake in citrus plants, inspired by the widespread of citrus
greening disease, affecting crops across the country and worldwide, leading to millions in
revenue loss [7,8]. The characterization, optimization and application of the micro-electrode
platform will be discussed in chapter three. Consequently, this section will cover the response
mechanism and theory behind ISEs and reference electrodes, as well as the main two platforms
of polymer-based ISEs, solid-contact and liquid-contact.
1.2 ISE Response Mechanism and Theory
Broadly, ISEs are tools which measure the activity of ions quantitatively following the
Nernst equation. To broaden the versatility and selectivity of these tools, polymer-based
ISEs came about in the mid-1960s[3]. As the name describes, they are composed of a
polymer matrix, which provides the support and mechanical stability needed to function.
The polymeric membrane is composed of a lipophilic ion-exchanger (M+ R-) that ensures
electro neutrality and provides perm selectivity, allowing ions to be exchanged with the
aqueous solution and avoiding the extraction of counter anions into the membrane,
respectively[9]. Employing solely an ion-exchanger and plasticized polymer can lead to a
Nernstian response, contingent upon that the solution to measure contains only the primary
ion. A sub-Nernstian response (mixed ion response) will be obtained if there are interfering
ions present in the measuring solution because the activity of the primary ion in the organic
phase will be decreased. To improve the poor selectivity, a neutral carrier, or ionophore (L)
is added to the membrane. The ionophore would selectively bind to the target ion, highly
2

improving the selectivity of the system. The earliest work was pioneered by Moore and
Pressman with the antibiotic and ionophore known as valinomycin, which exhibits high
selectivity for potassium ions [3,9]. Several ionophores were then developed to expand
detection to a variety of ions, including heavy metals [3,9].
To exhibit the desired potential response, also known as the electromotive force (EMF),
there are two main conditions that must be met. First, ensure that the activity of the
primary ion in the organic membrane is kept constant and is independent of sample
composition. Second, ensure that all contributions to the EMF response are sample
independent, with the exception of the phase boundary potential. The phase boundary
potential, EPB, is achieved at the interface between the organic and aqueous phase, yielding
a separation of charges as seen in Figure 1. The resulting EMF is the sum of all phase
boundary potentials and can be simply expressed as the well-known Nernst equation, eq.:
𝑅𝑇

2.303𝑅𝑇

𝑖

𝑧𝑖 𝐹

𝐸𝑀𝐹 = 𝐸0 + 𝑧 𝐹 𝑙𝑛𝑎𝑖 = 𝐸0 +

𝑙𝑜𝑔𝑎𝑖,aq

(1)

Where, E0 is the standard potential, z and a are the charge and activity of primary ion, i,
respectively. R is the universal gas constant, T is the absolute temperature and F is Faraday’s
constant.
To satisfy the first condition, the ratio of ionophore to ion-exchanger must be optimized to leave
a substantial concentration of free ionophore. The stoichiometric binding of ionophore to target
analyte dictates the optimization of ionophore to ion-exchanger concentration added to the
membrane. For instance, valinomycin, exhibits a 1:1 binding ratio; thus, a 2:1 ionophore to ionexchanger ratio is required to satisfy the first condition. Essentially, by having half of the
ionophore unchelated, the activity of the primary ion in the organic phase becomes impervious to
3

the sample analyte, and a buffer system is created between the organic and aqueous phase,
satisfying the second condition [3,9]. To chelate the ionophore with the ion of interest, the
membrane is exposed to the primary ion solution for a period of ~12-72 hours depending on the
analyte [7]. This is known as the conditioning protocol, wherein the cation from the ion-exchanger
in the organic phase (in the case of a cation-exchange membrane) exchanges with the cation in
the bulk solution containing the primary ion, until equilibrium is reached. Although efforts have
been done to minimize such time [11], this thesis, will farther discuss a medium by which to
circumvent this tedious process in chapter two.

Figure 1. Equilibrium distribution of doped-ionophore based polymeric membrane with aqueous bulk

Another important component in an ISE measurement is the reference electrode (RE). The RE is
responsible for maintaining a stable and well-known potential in an electrochemical cell. A
traditional potentiometric measurement set-up can be seen in Figure 2, where the ISE is coupled
with a RE to retrieve an EMF response, that is derived from the potential difference between the
connection of the ISE and the RE [3].

4

Figure 2. Traditional ISE measurement set-up

1.3 Polymer-Based ISE Platforms: Liquid-Contact vs Solid-Contact ISEs
The type of ISE shown in Figure 2 displays a liquid-contact ion selective electrode, indicating
that a solution containing the primary ion (target ion) is in direct contact with the ion-selective
membrane, and a Ag/AgCl wire is in contact with a chloride solution to allow for the
transduction of the ionic to electronic (potential) signal to take place. Unfortunately, this system
comes with some disadvantages, especially for environmental applications, where the electrode
cannot withstand deep ocean measurements, due to high pressure, and miniaturized electrodes
suffer from evaporation of inner filling solution and osmotic pressure development across the
ion-selective membrane, which would have a negative impact on the response of the ISE

[3]

. For

this reason, solid-contact ion selective electrodes came about in the 1970s to overcome the
abovementioned disadvantages of LC-ISEs. Solid-contact ISEs are able to be easily
miniaturized, withstand high pressures, can be adapted to various platforms (paper, wire, plastic)
5

and the elimination of the inner filling solution greatly improved limits of detection [13]
Nevertheless, solid-contact ISEs came with their own challenges. The formation of an aqueous
layer between the solid substrate and ion-selective membrane led to a poorly defined phase
boundary potential and subsequent degradation in sensor response. As a result, a hydrophobic
intermediate layer, such as conducting polymers were used to prevent the formation of this
electrolyte layer [3,12,13].
In a traditional LC-ISE platform, the transduction mechanism is very well understood and
studied. Ionic to electronic transduction is achieved by the reversible redox reaction of
AgCl (s) + e- → Ag(s) + Cl-(aq), where the Cl- concentration is kept constant. This reaction then
defines the interfacial potential between Ag/AgCl electrode and inner filling solution, and the
charge carrier is the target ion [13]. The transduction mechanism of solid-contact electrodes is not
as well understood and has not been studied as much as that of the LC-ISEs. Nevertheless,
Bakker [14,15], Bühlmann[13], Michalska [16] , and others[17,18] have begun to shed some light into
the transduction mechanism of SC-ISEs. It has been found that SC-ISEs employing a conducting
polymer transduce a charge carrier from ions to electrons via the oxidation/reduction of the
conducting polymer [13-16], whereas materials such as carbon nanotubes or graphene comes from
a double
layer capacitance phenomenon [13,17]. Here, all SC-ISEs will employ poly(3-octylthiophene-2,5diyl) due to its excellent potential stability and hydrophobic nature, which allows for a more
robust platform [15].
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1.4 Limits of Detection
For ISEs, the limits of detection as IUPAC states, is calculated by the cross point of two linear
regression lines of a calibration curve as seen in Figure 3 [9]. The lower limit of detection arises
from two phenomena, 1) perturbation of interfacial sample activity induced by constant diffusion
of low ion concentration from the inner filling solution into the sample and 2) interference by
competing ions in solution, that is not a “clean” system. To improve lower limits of detection,
particularly for LC-ISEs, buffer systems and lower concentrations of inner filling solution were
employed, leading to sub micromolar detection limits [9]. Buffer systems work on the principle
that a ligand added to the sample will provide a buffering effect by decreasing the concentration
of primary ions released from the membrane [9]. Similarly, lower concentrations present in the
inner filling solution will also enable lower perturbation of the interfacial sample activity, since
there will be less ions available to constantly diffuse through the membrane [9]. SC-ISEs on the
other hand, do not suffer from the first phenomena due to the direct contact with conductive
substrate. Consequently, nanomolar limits of detection can be achieved [2,4,20-22]. The upper limit
of detection for a cation-exchange membrane is derived from a coextraction process that leads to
a loss of permselectivity, known as Donnan-failure [9,19]. The upper limit of detection can also be
linked to the lipophilic nature of the anion, higher lipophilicity of the anion will lead to a loss of
permselectivity sooner. The degree of lipophilicity of cations and anions are illustrated by the
Hoffmeister series below, where the top row represents cations degree of lipophilicity decreasing
from left to right, whereas it increases from left to right for anions in the bottom row [23.24].

Figure 3. Hoffmeister series
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Figure 4. Defining the upper and lower limit of detection of ISEs

1.5 Selectivity Methods
There are two semiempirical selectivity methods recommended by IUPAC, 1) fixed interference
method and 2) separate solutions method. Both methods follow the Nicolskii-Eisemann equation,
each with its own spin to it [9,25]. A third method, known as the matched potential method does
not follow the same equation as above, but was incorporated by Gadzekpo and Christian to
provide a more empirical selectivity method, where the selectivity coefficients better reflect realworld sensors [9]. The only catch to this method is that the selectivity coefficients are strictly
dependent on experimental conditions and are not constant for a particular electrode. Briefly, the
fixed interference method (FIM) is also applicable for real life scenarios, but it does not reflect
the “true” selectivity of a ligand to its target ion, as it works under optimal conditions. The
separate solution method was employed by comparing two solutions; one solution with only the
primary ion and another with only the interfering ion present. When this method first came to be,
the electrode was tested under optimal conditions (primary ion in the membrane), wherein a
Nernstian response for interfering ions was not observed. This is because it is not

8

thermodynamically favorable to displace a preferred ion. Furthermore, the Nicolskii-Eisemann
formalism requires that each ion under consideration should yield a Nernstian response, which
was not the case in the former separate solution method, so the obtained selectivity coefficients
were biased. For this reason, a modification to the experimental protocol was brought forth by
Bakker [26] which allowed Nernstian responses for interfering ions by exposing the electrode to
the least interfering ion first and the primary ion last, eliminating any bias. The NicolskiiEisemann equation can be seen below:
𝑙𝑜𝑔𝐾𝐼𝐽𝑃𝑂𝑇 =

𝑧𝑖 𝐹(𝐸𝑗 −𝐸𝑖 )
2.303𝑅𝑇

+ log(

𝑎𝑖
𝑧𝑖⁄𝑧𝑗

)

(2)

𝑎𝑗

Here, zi and zj are the charge of the primary ion and interfering ion, respectively. F is faraday’s
constant, Ej and Ei are the interfering ion and primary ion potential response, a j and ai are the
corresponding activities. The protocol involves conditioning the developed ISE in a solution of
least interfering ion and measure the various ions in order of least interfering to most interfering
ion solution (in general, the primary ion is measured at the end). Once the electrode is exposed to
the primary ion, it will no longer yield a Nernstian response to the discriminating ion. This
method allows true understanding in ligand selectivity behavior and can be readily applied to
real-word scenarios [24].
1.6 Microelectrode Flux estimation
Microelectrode flux estimation is a powerful non-invasive technique to perform characterization
of ions diffusing through cells membrane, or to study the kinetics of membrane transport
processes across cellular membranes [27]. This technique works on the principle that ions diffuse
from a high to low concentration; it uses ionic activity measurement taken at various positions in
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the diffusion boundary layer to estimate the next flux of ions into the tissue, plant, or any other
target sample [28,29]. To convert the gathered data, the following assumptions will need to be
taken into consideration: 1) mechanism of ion transport, 2) nature of the diffusion boundary layer
and 3) the geometry of target sample. Each assumption would yield different flux estimates for
the same data. Furthermore, the flux and concentration gradients can be further divided in terms
of radial or planar diffusion. In radial diffusion, the flux is inversely proportional to the radial
distance, which is opposite to planar diffusion, where the area over which the flux occurs
remains constant along the path of diffusing ions. For this study, planar diffusion has been
studied to be the major source of EMF for plant tissues [28,29], therefore Fick’s law was applied
(Eq. 3).
𝑑c

𝐽 = 𝐷 𝑑x

(3)

Where J represents the diffusion flux (mol m-2 s-1), D (m2/s) is the diffusion coefficient of the
target ion under analysis, c is the concentration, x represents position. Figure 5 shows a
schematic representation of MIFE analysis.

Figure 5. Schematic representation of microelectrode flux estimation applied to a target sample
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CHAPTER TWO: READY-TO-USE SINGLE-STRIP PAPER BASED
SENSOR FOR MULTIPLEX ION DETECTION

Adapted with permission from Armas, S.M., Manhan, A.J., Younce, O., Chumbimuni-Torres,
K.Y. Ready-to-use single-strip paper-based sensor for multiplex ion detection. Sens Actuators,
B. 2017. 255, 1781-1787. Copyright 2018 Elsevier.
2.1 Introduction
With increasing demand for portable devices, paper-based sensors have become highly attractive
due to their thin, lightweight, low-cost and flexible nature [1]. Since paper is made up of cellulose
fibers and various pore sizes are largely available, a wide array of applications are accessible [1].
The versatility of paper-based sensors can be augmented by integrating them with ion-selective
electrodes (ISEs), specifically polymer-based ISEs, as an analytical platform for ion detection.
ISEs have gained momentum as an analysis tool, due to their versatility, high sensitivity and
selectivity for ion detection in situ [2,3]. Therefore, paper-based solid-contact ISEs (PBSC-ISEs)
are the ideal candidate for fieldwork applications, including environmental [2], biological [4] and
food analysis [5]. A polymer-based ISE is composed of an ionophore, to render selectivity to the
membrane by forming a stable complex with the analyte of interest; an ion-exchanger, to provide
electroneutrality and ensure perm selectivity; and a polymer matrix to provide the support and
mechanical functionality to the membrane. The ISEs response is dictated by the phase boundary
potential (EPB) (Eq.4) wherein aI (aq) and aI (org) are the activities of the primary ion (Iz+) of
charge z in aqueous and organic phases, respectively. Furthermore, E°, R, T, and F are the
13

standard-potential, universal gas constant, absolute temperature, and Faraday constant,
respectively [6].
𝑅𝑇

𝑎𝐼(𝑎𝑞)

𝐸𝑃𝐵 = 𝐸0′ + 𝑧 𝐹 𝑙𝑛 𝑎
𝐼

(4)

𝐼(𝑜𝑟𝑔)

In order to exhibit a Nernstian response, the activity of the primary ions in the bulk of the
organic phase must remain constant and independent of the sample. Therefore, the E PB can be
reduced to the well-established Nernst Equation (Eq.5)
𝑅𝑇

𝐸𝑃𝐵 = 𝐸0′ + 𝑧 𝐹 ln 𝑎𝐼(𝑎𝑞)

(5)

𝐼

Furthermore, the ISE must be exposed to the primary ion of interest, to allow the ionophore to
chelate the primary ion. This process has been regarded as the conditioning protocols of ISEs.
For decades, traditional conditioning protocols have involved exposing the ISE to a high
concentration of the ion of interest, a process that can take between 12–72 h [7]. For a cationselective membrane, the established equilibrium process can be represented by the equation
below:
𝑧+
+
−
𝑧+
+
−
𝐼𝑎𝑞
+ 𝑛𝐿𝑜𝑟𝑔 + 𝑀𝑜𝑟𝑔
𝑅𝑜𝑟𝑔
⇋ [𝐼𝐿𝑛 ]𝑜𝑟𝑔
+ 𝑀𝑎𝑞
+ 𝑅𝑜𝑟𝑔

(6)

Where, L is the ligand that forms the ion-ionophore complex with primary ion Iz+, with
+
−
stoichiometry n. 𝑀𝑜𝑟𝑔
𝑅𝑜𝑟𝑔
is the ion-exchanger, composed of a lipophilic anion R− and a cation

M+. The cation will partition to the aqueous phase and exchange with the primary ion I z+. The
lipophilic anion will remain in the membrane to retain electroneutrality and allow
permselectivity [6]. This lengthy protocol prevents practical and efficient applications of these
sensors. Therefore, new efforts in creating a condition-free ISE are required. Recently, the
Buhlmann group used non-conditioned ISEs in a paper substrate. However, a liquid-junction
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platform was used for both the ISE and RE, and a new sensor must be used for each point of a
calibration curve [8]. Herein, to circumvent the conditioning step, addition of the ion of interest
directly into the membrane cocktail was done as described in Rich et al. [6] and was optimized for
its integration to a PBSC platform. Consequently, the primary ion, I z+ is already present in the
membrane and is able to form the ion-ionophore complex according to the equilibrium below:
𝑧+
−
𝑧+
−
𝐼𝑜𝑟𝑔
+ 𝑛𝐿𝑜𝑟𝑔 + 𝑅𝑜𝑟𝑔
⇋ [𝐼𝐿𝑛 ]𝑜𝑟𝑔
+ 𝑅𝑜𝑟𝑔

(7)

In order to conduct potentiometric measurements, the PBSC-ISE must work in conjunction with
a reference electrode. Commonly used reference electrodes are bulky and fragile, preventing
their use for in-field applications. In order to overcome this limitation, recent research has
proposed various methods to develop an alternative reference electrode that are insensitive to
changes in electrolyte concentration [9]. Some approaches include references electrodes based on
polyurethanes, silicon rubber, polyvinyl chloride and acrylate membrane, yet all of these
approaches require soaking the reference electrode in electrolyte solution prior to use

[10–13]

. In

addition, various lipophilic additives such as ETH 500 [14] and ionic liquids (ILs) [15–17] were
proposed. From these methods, employing ILs, appeared to be the most promising option as the
phase boundary potential of the reference electrode is defined by slow partitioning of the IL to
the aqueous phase [16,18]. Therefore, ILs are excellent candidates towards a stable reference
electrode. It is crucial to assure equipartition of the IL to the aqueous phase in order to avoid ion
exchange effects. If an ion of the IL exchanges with an ion of the bulk solution of equal charge,
the membrane will render a response to that ion and thus will be unable to function as a reference
electrode [15]. Previous research showed that 1-Ethyl-3-methylimidazolium bis(trifluoromethane
sulfonyl)amide [C2mim]+ [NTF2]− was the most suitable IL to be used for the development of a
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reference electrode [15]. Its response in a PVC/IL membrane exhibited a potential change of less
than 10 mV for a variety of ions, including, Li+, Na+, K+, Pb2+, over a wide concentration range
after conditioning in 1×10−3M KCl solution. Lastly, [C2mim]+ [NTF2]− based reference
electrodes exhibit a great working pH range of 2.7–11.4. The effectiveness of [C2mim]+ [NTF2]−
is likely due to similar mobility of the anion with respect to the cation based on Hildebrand’s
solubility parameters [19]. Therefore, we propose to develop a sensor that incorporates a PBSCISE and a paper-based solid-contact reference electrode (PBSC-RE), integrated in a single-strip
style for multiplex analysis, and which does not require a conditioning step, see Fig. 2A-1 In this
work, the PBSC-RE will incorporate the copolymer methyl methacrylate-co-decyl methacrylate
(MMA-DMA) (support matrix), combined with the [C2mim]+ [NTF2]− IL to create and maintain
a stable potential that is unaffected by an increase in ionic activity and will not require a
conditioning step. The chosen matrix (MMA-DMA) does not require the use of a plasticizer,
resulting in an extended lifetime. The proposed system could potentially be used to monitor Na +,
K+ and I− levels in vitro. In turn, aiding in early prognosis of hyponatremia, hypokalemia and
iodine deficiency which can lead to goiter, prior to reaching a critical state. A ready-to-use
PBSC-ISE sensing platform would not need highly trained personnel to implement traditional
conditioning protocols. The PBSC-ISE platform would also enable cost-effective on-site
analysis, and its intrinsic flexibility due to a paper-based substrate, would increase durability and
lower risk of damage to the sensor due to mishandling.
2.2 Experimental Section
Reagents and Materials. 4-tertbutylcalix[4]arene-tetracetic acid tetraethyl ester (sodium
ionophore X, NaIX), sodium tetrakis [3,5-bis-(trifluoromethyl)phenyl]borate (NaTFPB),
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valinomycin (potassium ionophore I), potassium tetrakis [3,5-bis-(trifluoromethyl)phenyl]borate
(KTFPB), bis-(2-ethylhexylsebacate) (DOS), tridodecylmethylammonium nitrate (TDMANO3),
all Selectophore grade, were obtained from Sigma-Aldrich (Milwaukee, WI). [9]Mercuracarborand-3 (MC3) was synthesized in-house [20] as previously described. Potassium
chloride (KCl), sodium chloride (NaCl), calcium chloride dihydrate (CaCl 2 •2H2O), lithium
chloride (LiCl), potassium iodide (KI), sodium iodide (NaI) and sodium nitrate (NaNO3) ACS
reagent, ≥99.0%, poly-(3-octylthiophene-2,5-diyl) (POT) and 2, 2′ azo-bis(isobutyronitrile)
(AIBN, 98% purity), high molecular weight polyvinyl chloride (PVC) and tetrahydrofuran were
all obtained from Sigma-Aldrich (Milwaukee, WI). Methyl methacrylate (99.5% purity) and ndecyl methacrylate (99% purity) were obtained from Polysciences (Warrington, PA). Singlewalled carbon nanotubes(SWCNTs) of 99% purity were obtained from Cheap Tubes Inc
(Grafton, VT). The methyl methacrylate-co-decyl methacrylate (MMA:DMA; 42:58) copolymer
was synthesized in house following procedure in Qin et al. [21] and characterized as in Mensah, et
al.[22] Methylene chloride, chloroform, ethyl acetate, 1,4-dioxane, and qualitative filter paper
(Whatman catalog no. 1001090) were obtained from Fisher (FairLawn, NJ). 1-Ethyl-3methylimidazolium[C2mim] +Bis(trifluoromethane sulfonyl)amide [NTF2]− IL was acquired from
Strem Chemicals Inc (Newburyport, MA). All solutions were prepared using deionized water
purified by a Millipore Milli-Q (Billerica, MA).
2.2.1 Preparation of Paper-Based Substrate
The paper-based substrates were developed as described in Mensah et al. [20] Briefly, a 3.0
mg/mL SWCNT suspension was prepared and coated onto a 6.5 cm × 5.5 cm qualitative filter
paper with a conventional paintbrush. Six coats were applied and allowed to dry at room
17

temperature for 10 min, followed by 20 min in an oven at 60 C, after each coating. The
conductivity was measured using a source measurement unit (Keithley Source-Meter model
2400, Cleveland, OH). At the bottom of each filter paper sheet, a 0.5 cm diameter orifice was
exposed and sputtered with gold (Denton Vacuum LLC Desk IV, Moorestown, NJ). At the gold
sputtered point, 60 μL of a 25mM (with respect to the monomer) solution of POT dissolved in
methylene chloride (DCM) was drop-casted, 10μL at a time, at 5 min intervals. The POT was
allowed to dry overnight. The filter paper SWCNT substrate was then cut into 1.0 cm ×5.5 cm
strips and each sensor were partially covered in a mask of non-permeable D-Wrap Blue
PolyesterTape.
2.2.2 Preparation of Condition-Free PBSC
Na+, K+, and I− ISEs. The Na+ cocktail was prepared by adding 5 mmol/kg of NaTFPB, 10
mmol/kg of NaIX, (66.6 w%) DOS and (33.3 w%) PVC, dissolved in 1 mL of THF and vortexed
for 1 h. The K+ cocktail was composed of 5 mmol/kg of KTFPB, 10 mmol/kg of potassium
ionophore I, (66.6 w%) DOS and (33.3 w%) PVC. The I− cocktail contained 1.0 mmol/kg of
MC3, 0.75 mmol/kg of TDMANO3 and 1.8 μL of 0.1 M NaI aqueous solution to circumvent the
conditioning step in a total mass of 240 mg. Control membranes were also prepared following
the composition as described in Rich et al. Briefly, sodium and potassium control membranes
replaced the ion exchanger to KTFPB and NaTFPB, respectively. In the case of the iodide
control membrane, no NaI solution was added. However, the effect of hydration of the
membrane upon addition of an aqueous solution was considered, and 1.8 μL of H2O was added to
the control membrane. Three 12.5 μL aliquots of the cocktail was drop-casted onto the POT
coated paper SWCNT substrate. These were allowed to dry overnight prior to measurement. The
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thickness of the membrane film was obtained using a caliper. The average thickness was found
to be 193 ± 54 μm.
2.2.3 Preparation of PBSCs
40 mg of MMA:DMA and 40 mg of IL were dissolved in 1 mL of DCM and vortexed for ∼30
min or until dissolved. The membrane cocktail was drop casted under a DCM environment, and
an ice bath was used to lower the temperature of the system to prevent abrupt evaporation of the
solvent. This prevented the formation of air bubbles, allowing for a uniform, clear film. A total
of 90 μL was drop-casted onto the POT coated paper SWCNT substrate. Various ratios of
MMA:DMA to IL was investigated and will be further discussed.
2.2.4 EMF Measurements
Potentials were monitored with a high-input impedance (1015Ω) EMF-16 multichannel data
acquisition system (Precision Eletrochemistry EMF Interface, Lawson Laboratories, Malvern,
PA) at room temperature (22°C), while stirring the solution. The condition-free Na+, K+, and I−
ISEs, as well as the PBSC-REs were tested against a double junction
Ag/AgCl/3MKCl/1MLiOAc reference electrode (Metrohm AG). Aliquots of NaCl, KCl and NaI
were respectively added at 10 min intervals. All electrodes were stored under ambient conditions
and measurements were done in triplicates.
2.3. Results and Discussion
A previous study proposed to employ two commercially available ion-exchangers, KTFPB and
NaTFPB for the development of a potassium ISE with shorter conditioning times [23].
Nevertheless, reported methods still require a minimum conditioning time of 3–5 h, depending
on the analyte [23]. We have optimized this protocol to develop a condition free solid-contact ISE
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on a paper substrate platform. This work allows the ability to choose between two systems: if a
commercially-available ion-exchanger containing the ion of interest is available, it can be
included to the sensing cocktail directly; or if it is not commercially available, a calculated
aqueous aliquot of the ion of interest can be added to the cocktail composition to circumvent the
conditioning step. In this study, a PVC/DOS matrix was used due to its characteristically faster
ion diffusion coefficients, D, on the order of 10−8cm2/s in comparison to a diffusion coefficient
on the order of 10−11 cm2/s for poly(n-butylacrylate) based membranes [23]. This enables faster
hydration of the membrane, facilitating ion partitioning between the organic and aqueous phase.
In order to calculate the amount of ionic additive to be added, the ionophore to ion stoichiometric
binding complexes were examined [24] and adjusted accordingly to allow the ionophore and
respective ionic sites to buffer the primary ion of interest during sensing [25]. Figure 6 shows the
potential response over time of a sodium, potassium and iodide ISE and their respective
calibration curve plotted as a function of potential vs logarithm of activity of the ion of interest.
The Na+-ISE yielded an average Nernstian Response of 56.55 ± 0.79 mV decade −1 with a limit of
detection (LOD) in the order of 5.6 ± 0.5 × 10−7 M (Fig. 6A). The K+-ISE yielded an average
Nernstian response of 57.82 ± 0.37 mV decade−1 with an LOD of 1.2 ± 0.2 × 10−7 M (Fig. 6B).
The I−-ISEs yielded an average Nernstian response of −61.46 ± 1.24 mV with a LOD of 1.5 ± 0.6
× 10−7 M (Fig. 6C). All responses are comparable to those obtained when subjecting the ISEs to
the conditioning protocol [26–28]. Control membranes were prepared without adding the primary
ion into the cocktail, nor exposing it to its primary ion solution. Fig. 6D–F, show a superNernstian response for Na+, K+, and I− ions respectively, due to a flux of primary ions from the
sample solution into the bulk of the membrane, as a result of an uncomplexed ionophore. It is
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worthwhile to highlight that all non-conditioned membranes require an initial hydration time of
at least 20 min in order to have a drift of less than 1 mV/h.

Figure 6. Potentiometric response obtained from condition-free Na+ISE containing NaTFPB (A),
containing KTFPB (D); K+ ISE containing (B), containing NaTFPB (E); I- ISE with addition of 1.8µL of
NaI in the cocktail (C); no analyte added, 1.8µL of water in the cocktail (F). All measurements were
performed against double junction Ag/AgCl/3MKCl/1MLiOAc
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Furthermore, the K+-ISE was exposed to increasing and decreasing concentrations of 10 −5, 10−4,
10−3 M KCl. Overall, the potential response was fast and reproducible, demonstrating the
reversibility of the sensor (Fig. 7).

Figure 7. Potential reproducibility of K+ ISE

Research in reference electrode development employing ILs has commonly used PVC [15,17].
However, PVC is known to have anionic impurities [21], which it was initially sought as a starting
system towards reference electrode development. However, in this work PVC based membranes
led to a potential drift of ∼16 mV/h in water, as thus further experiments using a PVC matrix
were no longer pursued. Consequently, MMA-DMA was used instead of PVC to alleviate this
challenge. An ideal reference electrode should exhibit very small changes in potential across a
wide range of concentrations [13]. Here, various ratios of ILs%: MMA-DMA% were investigated,
including: 33.3: 66.6, 25: 75, and 50: 50. The composition with 33.3% IL exhibited a response
greater than 15 mV at 1 × 10−3 M NaCl or KCl, so it was discarded as a suitable reference. The
25:75 PBSC-RE cocktail did not reach equilibrium as readily as the other compositions and
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exhibited a very high resistance upon initial addition of electrolyte to the water background. In
addition, the limited availability of the IL in the 25: 75 compositions prevented the IL to dictate
and maintain a stable the phase boundary potential. The 50:50 ratio led to the least potential
change over a range from 10−7 to 10−3 M of NaCl or KCl or NaI solutions with a respective
response of 1.83 ± 2.75 mV response upon NaCl additions, 0.86 ± 0.44 mV response upon KCl
additions and 2.03 ± 2.75 mV response upon exposure to NaI additions (Fig. 2.A-3). As a result,
composition employing 50:50 (IL: MMA-DMA) was utilized for further experiments and
integration with the ISE. Furthermore, the thickness of the membrane also plays an important
role in the ideal response of the reference electrode, as increasing the membrane thickness
reduces permeation of ions. This is important because it is hypothesized that a thinner membrane
does not yield a well-defined reference potential, likely due to the fact that the organic phase is
so thin, it is unable to create a proper phase boundary potential as dictated by IL partitioning, and
thus is not able to serve as a reference electrode. Therefore, the thickness of the membrane was
adjusted to 167 ± 15 μm. Additionally, much like the non-conditioned ISE membranes, the
reference electrode also requires a hydration time of at least 20 min to yield a desired drift of less
than 1 mV/h, similar for commercial reference electrodes, see Fig. 2.A-2 in the supporting
information.
2.3.1 PBSC-RE pH Studies
Since the proposed sensors are designed for monitoring ionic activities in biological systems, it
was essential to determine their working pH range. Therefore, the response to a change in pH
was evaluated for the optimal composition of the reference electrode and the measurement was
conducted in a triplicate manner. The experiment was performed in 100 mL of water using
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solutions of HCl and NaOH to gradually change the pH from 3.11 to 12.11. The greatest
potential difference was noticed at low and high pH (>5mV). The PBSC-RE presents a great
working range of pH 5 to pH 10 with only a potential difference of only 0.25 ± 0.06 mV, which
is applicable to most biological [29] and environmental samples [30]. Once again, the ideal
response should be less than 1mV change across the abovementioned range. Fig.8 demonstrates
that the reference electrodes exhibit an ideal working range between pH 5 and pH 10, with only a
0.25 ± 0.06 mV potential change.

Figure 8. Potentiometric responses of PBSC-RE against commercial double-junction
Ag/AgCl/3MKCl/1MLiOAc reference electrode

2.3.2 Water Layer Test
It is known that solid-contact electrodes often suffer from the formation of a thin aqueous layer
in between the polymeric membrane and solid substrate, because of slow water diffusion and
lack of a well-defined redox couple at the membrane-metal interface [31]. This membrane metal
interface can create an aqueous reservoir that would house ionic entities that may lead to poor
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limits of detection [31]. For this reason, a self-assembled monolayer of POT is applied between
the gold layer and the polymeric membrane.
Here, no negative drift was noticed when changing the solution to the interfering ion solution
(Fig. 9). In theory, if a water layer has formed, a positive drift is seen upon exposure to a solution
containing a discriminating ion, followed by a negative drift upon re-exposure to solution
containing the primary ion [32]. Nevertheless, the potential when electrodes were exposed to 1 ×
10−3M LiCl, remained stable even after 4 h and no negative drift was observed upon exposure to
primary ion solution, 1 × 10−3 M NaCl. Consequently, it is hypothesized that no water layer was
formed.

Figure 9. Water Layer Test for Condition free PBSC Na+ISEs. At time t=1.3h primary ion solution 1x10 3
M NaCl (A) was exchanged for 1x10 -3M LiCl (B). At 5.3h the sample solution was replaced to primary
ion 1x10-3M NaCl (C) until t=6.6h.

2.3.3. Integrating Condition-Free PBSC-ISE to PBSC-RE
Once the conditioning step was circumvented, and the reference membrane composition and
preparation protocol were optimized; the two electrodes were integrated into a single-strip style
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sensor. This yielded a Nernstian response of 54.85 ± 0.28 mV decade−1 with an LOD of 9.7 ± 0.1
× 10−7 M for K+-ISEs (Fig.10A) and a −52.98 ± 0.85 mV decade−1 with an LOD of 2.6 ± 0.9 ×
10−7M (Fig. 10B) for I− ISEs. The LOD of the self-referenced condition-free electrodes are
comparable to those obtained using the double junction reference electrode. Therefore, these
sensors could potentially be utilized for in situ analysis using a portable potentiometer.

Figure 10. Potentiometric response for single-strip condition-free PBSC A) Potassium and B) Iodide ISEs

2.3.4. Flexibility Study of PBSC-RE and PBSC-ISEs
Today, there is a high demand for cost-effective and reliable point-of-care devices that can be
employed in a low-income and underdeveloped health systems, or for home-based testing [33].
Therefore, the flexibility of the device is important when utilized by non-trained personnel to
avoid risk of damage to the device. Here, flexibility studies were done to both, the PBSC-RE and
PBSC-ISE to test the feasibility of the complete platform. Each electrode was folded forward
(held pressure for ∼1 min and release) and backward (held pressure for ∼1 min and release)
twice in a manner represented by Fig. 11B. The applied stress was done at two points of the
sensors as seen in Fig. 11A at ‘applied stress 1′ and ‘applied stress 2′.
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Figure 11. A) Paper-Based Electrode after first and second applied stress; B) demonstration of applied
stress. C) Calibration curves of K+ ISE response before applied stress (blue), after applied stress #1
(purple), after applied stress #2 (black).

The electrodes response was measured before and after each stress was applied. The response of
the electrodes was 53.33 ± 1.20 mV with an LOD of 8.57 ±1.26 × 10−7 M without any applied
stress (Fig.11C blue); 56.58 ± 1.20 mV with an LOD of 1.56 ± 0.06 × 10−6 M after ‘applied
stress #1′ (Fig.11C purple), and 54.78 ± 0.09 mV with an LOD of 1.33 ± 0.09 × 10−6 M (Fig.11C
black) after ‘applied stress #2′. Overall, the PBSC-ISEs platform response remain the same upon
applied stress.
2.3.5. Multiplex Detection of K+ and I- Ions in Water Background Employing Single-Strip
Condition-Free PBSC-RE
A time-efficient way to analyze blood or environmental samples is to target multiple ions
simultaneously. Here, standards of potassium iodide were prepared to test the proposed platform
for simultaneous detection of K+ and I− ions. Results yielded a slope of 53.25 ± 1.23 mV for K+
and −56.20 ± 0.2 mV for I− with a respective LOD of 5.7 ± 1.7 × 10−7 M and 6.8 ± 0.3 × 10−7 M
(Fig. 12).
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Figure 12. Multiplex detection of K+ and I- ions in water background employing single-strip conditionfree PBSC-ISE

2.3.6. Selectivity Measurements
Selectivity measurements for K+, and I− ISEs’ were obtained using the separate solutions method
as described by Bakker [34]. The slopes and selectivity coefficients are displayed in Table 1. It
should be noted that some of the interfering ions response are still sub-Nernstian, indicating bias
to some extent, hence the slight difference in selectivity coefficients, yet they are still within the
range necessary for practical use. Nevertheless, it is within the range reported in literature

[6,28,35]

Table 1. Observed selectivity coefficients for K+ ISEs and I- ISEs with corresponding slope for
interfering ions based on the separate solutions methods.
𝒑𝒐𝒕
𝑲𝑲,𝑱
Ion J(z+)
Slope (mV decade-1)
Ca2+

-5.26 ± 0.10

18.89 ± 1.05

Li+

-3.37±0.37

11.50 ± 1.94

Na+

-2.00±0.24

21.86±2.24

K+

0

57.91±0.69

28

.

𝒑𝒐𝒕

Ion J(z+)

𝑲𝑰,𝑱

Slope (mV decade-1)

Cl-

-2.82±0.06

-61.58 ± 2.82

NO3-

-4.22±0.2

-26.20±0.45

I-

0

-59.66 ± 2.14

2.4 Conclusions
Herein, a ready-to-use single-strip PBSC-ISE platform for multiplex ion analysis has been
developed. The ready-to-use feature was possible by circumventing lengthy conditioning
protocols, via simple addition of primary ions upon preparation of the sensing cocktail. The
PBSC platform was designed to be operated without the need for specialized trained personnel.
Users will be able to utilize the sensors without the risk damaging the response of the sensor
upon external stress. The intrinsic nature of the paper leads to a cost-effective sensor with an
overall cost of the multiplex platform estimated to be ∼$0.96 per sensor, a cost difficult to
achieve with biodegradable plastics, which are more expensive. This single-strip ready-to-use
sensor could potentially be used to monitor for imbalances of sodium (Na+), potassium (K+) and
iodide (I−) in blood, sweat, or other bodily fluids. Monitoring levels of these ions can be crucial
indicators to human health.
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CHAPTER THREE: DEVELOPMENT AND CHARACTERIZATION OF
NEEDLE-TYPE ION-SELECTIVE MICROSENSORS FOR IN SITU
DETERMINATION OF FOLIAR UPDATE OF ZN 2+ IN CITRUS PLANTS

Adapted with permission from Church, J†., Armas, S.M†., Patel, P.K., Chumbimuni-Torres,
K.Y., Lee, W.H. Development and characterization of needle-type ion-selective microsensors
for in situ determination of foliar uptake of Zn2+ in citrus plants. Electroanalysis. 2017, 29, 1-8
Copyright 2018 John Wiley and Sons.
3.1 Introduction
In the span of 10 years, Huanglongbing (HLB) has devastated Florida’s 10.7-billion-dollar citrus
industry. HLB has now spread into commercial groves and growers are struggling to maintain
profits. Citrus HLB, or citrus greening, is caused by three species of Alphaproteobacteria: 1)
Candidatus Liberibacter asiaticus (Ca. L. asiaticus (Las)), 2) Ca. L. africanus (Laf), and 3) Ca. L.
americanus (Lam), which are limited to growth in the phloem [1]. The disease plugs the sieve
pores of the phloem which ultimately inhibits the flow of nutrients throughout the tree [2].
Therefore, HLB symptoms hallmarks nutrient deficiency; blotchy mottle leaves, yellow shoots
and fruits that are underdeveloped and lopsided [3]. Citrus trees infected with HLB have been
shown to exhibit depleted levels of zinc when compared to healthy citrus trees [4]. A study has
shown that zinc concentrations could be ten times greater in healthy trees [5]. Therefore, it has
been common practice to supplement HLB infected trees with nutrients like zinc to alleviate the
nutrient imbalance [6]. Nevertheless, it is still unclear on whether nutritional therapy can alleviate
the symptoms of HLB. Additionally, there is limited research connecting nutritional management
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to improved productivity of HLB infected citrus trees and recent reports have shown that
nutritional therapy is not effective at suppressing Las or alleviating HLB symptoms

[7]

. The lack

of information is likely due to current methodology employed to monitor zinc content in citrus
plants. Currently, zinc is detected primarily using inductively coupled plasma atomic emission
spectroscopy (ICP-AES) or atomic absorption spectroscopy (AAS) for which samples need to be
dried, grounded, and digested before analysis [8]. This process is time consuming, expensive,
destructive, non-portable and does not give the temporal or spatial resolution needed to truly
understand the movement of zinc through the phloem of citrus plants. Therefore, there is an
urgent need to develop a reliable, non-invasive, non-destructive tool capable of tracking zinc’s
systemic activity directly in plants.
Polymer-based micro ion-selective electrodes (µ-ISE) can meet the desired qualities of a noninvasive tool for in situ analysis of citrus plants. These µ-ISEs provide the needed selectivity via
the use of an ionophore, which forms a stable complex with the analyte of interest; an ionexchanger, which provides electroneutrality and ensures permselectivity; and a polymer matrix
which yields high support and mechanical functionality to the membrane. Non-invasive
microelectrode ion flux estimation (MIFE) has been used to study the transport of ions in plant
physiology due to the non-destructiveness and high spatial and temporal resolution of the method
in almost natural conditions. Works by Miller et.al [9] and Newman [10] have pioneered the
practical and versatile use of microelectrodes and MIFE for plant studies. Ions including H+,
Ca2+, NO3-, NH4+, Na+, Cl-, Cd2+ and K+ have been investigated using MIFE techniques [11].
Nonetheless, these studies did not perform foliar uptake of zinc via ion flux estimation due to the
lack of appropriate analytical tools. Further, these previous studies have employed a liquid-
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contact (LC) based platform for µ-ISEs [9a,10b,11]. However, the optimization and insertion of the
backfilling solution can be laborious and challenging to yield lower limits of detection (LOD)
and good electrode reproducibility. As a result, this work employs a solid-contact (SC) based
platform to overcome the challenges from LC based platform. SC-µ-ISEs allow for less
cumbersome LOD optimization due to its simplistic design. In a SC based platform, the
ionophore-doped polymeric membrane is in direct contact with the metallic conductor (e.g.,
gold) coated with a hydrophobic conducting polymer (poly (3-octylthiophene- 2,5 diyl)), leading
to an improved membrane/metal interface and a stable phase boundary potential, allowing trace
level analysis [12]. The objective of the present work was to develop, characterize, and apply a
zinc SC-µ-ISE for determining in situ foliar uptake of Zn2+ in citrus plants using MIFE
techniques. Two microelectrodes configurations were constructed to evaluate the selectivity,
LOD, reproducibility and lifetime. Overall, the zinc SC-µ-ISE exhibited good stability and
durability to monitor Zn2+ concentrations in the vascular bundle of citrus leaves in-situ. This is
the first to show Zn2+ transport to the citrus plants using microelectrode techniques, providing an
alternative to destructive methods. The quantification of the Zn 2+ uptake will lead to better
nutritional therapy for effective HLB mitigation.
3.2 Experimental Section
3.2.1 Materials and Reagents.
Tetrabutylthiuram disulfide (Zinc Ionophore I, ZnI), potassium tetrakis [3, 5-bis(trifluoromethyl) phenyl]borate (KTFPB) and 2-nitrophenyl octyl ether (o-NPOE), all
Selectophore grade, were obtained from SigmaAldrich, USA. Potassium nitrate (KNO 3), calcium
nitrate tetrahydrate (Ca(NO3)2 4H2O), nitric acid (HNO3), sodium hydroxide (NaOH), copper (II)
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nitrate, ACS reagent, 99.0%, poly-(3-octylthiophene-2,5-diyl) (POT), high molecular weight
polyvinyl chloride (PVC), tetrahydrofuran (THF) and N-N dimethyltrimethyl-silyamine
(TMSDMA) were all obtained from Sigma-Aldrich, USA. Methylene chloride (CH2Cl2),
chloroform (CHCl3), acetone ((CH3)2CO), sulfuric acid (H2SO4), zinc nitrate hexahydrate 99%
(metal basis), 0.2 mm dia. gold wire 99.9% (metal basis), micropipette tips (0504357) were all
obtained from Fisher Scientific, USA. All solutions were prepared using deionized water purified
by a Millipore Milli-Q (Billerica, MA).
3.2.2. Zinc Ion-Selective Membrane Cocktail
The Zn2+ cocktail was prepared by following a previously investigated composition with some
modifications [13]. Zinc cocktail was prepared on a 100 mg scale that consists of 80 mmol/kg of
Zn (I), 10 mmol/kg of KTFPB, (66.6 w%) o-NPOE and (33.3 w%) PVC, was dissolved in 1 mL
of THF and vortexed for 1 h.
3.2.3 Preparation of Zn2+ SC-µ-ISEs
Two configurations of zinc SC-m-ISE were prepared using the zinc ion selective membrane
cocktail described above. The configurations of the Zn2+ SC-µ-ISE are shown in Scheme 1. The
first configuration will be denoted as SC-µ-ISE 1 and the second configuration will be denoted
as SC-µ-ISE 2. The SC-µ-ISE 1 was prepared by employing a commercially available
micropipette tip (0.540 mm diameter), where a gold wire (0.20 mm diameter) coated with POT
was introduced and sealed from the top with a hot melt adhesive. The zinc cocktail was inserted
through capillary action and a round-like membrane formed at the end of the tip. SC-µ-ISE 2 was
prepared using borosilicate glass micropipettes (Sutter Instrument Company, BF120-69-15) (ID:
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0.69 mm, OD: 1.2 mm, length: 15 cm), which were pulled horizontally using a Flame/Brown
type micropipette puller (Sutter Instrument Company, Model P-100).
The tip of the glass micropipette was broken with a fine tweezer to create a tip diameter between
30–100 µm and bevelled at a 45⁰ angle using a beveller (BV-10, Sutter Instruments). The
hydrophobic ion exchange membrane must adhere to the glass of the electrode to prevent the
aqueous electrolyte solution from finding a pathway along the glass and short-circuiting the
sensor [14]. Therefore, the glass inner surface was silanized to promote good adhesion with the
hydrophobic membrane. Thus, the glass tip was dipped into TMSDMA for 15–30 sec. The
micropipettes were then placed in a stainless steel mini-rack which was tightly closed by a glass
container and placed in an oven at 180⁰C for at least 24 hours. Then, the custom designed holder
with the micropipette tips facing up was removed from the oven and a small amount (0.25 ml) of
dry TMSDMA was injected quickly into the small container using a syringe. The silanization
reagent evaporated immediately and the vapor reached the inner surface of the micropipette tips.
The glass container was then kept in the dark in a desiccator for 1.5–2 hours before applying the
ion exchange membrane. The microelectrode tip was then dipped in the Zn2+ ion selective
membrane cocktail for 10 sec and a 100 µm POT coated gold microelectrode was position within
the membrane and held in place using hot melt adhesive before the membrane was allowed to
dry. The POT coated gold microelectrode was prepared ahead of time by attaching a 100 µm
gold wire to a copper wire using silver paste and encasing the gold wire in borosilicate glass
using the micropipette puller.
The tip of the glass was broken to expose approx. 500 µm-length of gold wire which was coated
with POT solution and allowed to dry for 2 hours. After the SC-µ-ISE 2 was assembled and

36

allowed to dry, the tip was observed under a microscope to insure the membrane had good
contact with the POT coated gold electrode.

Scheme 1. Diagram and photograph of SC-µ-ISE 1 (left) and SC-µ-ISE 2 (right)

3.2.4 Characterization of Zn2+ SC-µ-ISE
SC-µ-ISE 1 were conditioned in a 1x10-3 M Zn(NO3)2 solution for 5 h. During measurement, the
microelectrodes required a 20 min hydration time in DI water, followed by 8 min equilibration
time upon analyte spiking. SC-µ-ISE 2 was conditioned in a more concentrated solution of 0.1 M
Zn(NO3)2 solution for 30 min to accelerate the condition time. SC-µ-ISE 2 was allowed to
hydrate in DI water for 5 minutes, followed by 2 min equilibration time between analyte spiking.
Potentials for SC-µ-ISE 1 were monitored with a high input impedance (1015 Ώ) EMF-16
multichannel data acquisition system (Precision Electrochemistry EMF Interface, Lawson
Laboratories, Malvern, PA) at room temperature (22⁰C), while stirring the solution. All
measurements were conducted in a Faraday cage to minimize electrical interference and
measured against a double junction Ag/AgCl/3 M KCl/1MLiOAc reference electrode (Metrohm
AG). The SC-µ-ISE 1 was employed to determine pH stability and selectivity studies. Limit of
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Detection (LOD) was determined experimentally using a protocol highlighted in works by
Bulhman [15] and Bakker [16].
3.2.5. Determination of Ion Fluxes
Potentials for SC-µ -ISE 2 were monitored using a microsensor multimeter (Unisense A/S,
Denmark) at room temperature under constant stirring. A Ag/AgCl reference electrode was used
for all foliar uptake measurements. Net ion flux experiments were done after the leave/root had
been exposed to Zn2+ solutions for 30 minutes. A custom flow cell (5 mL) was attached to the
leaves of sour orange seedlings (Approx. 100 cm tall) as demonstrated in Scheme 2. A 0.5
ml/min flow of Zn2+ solutions ranging from 0 to 15.3 mM was used to keep the system at
equilibrium. The developed Zn2+ SC-µ-ISE 2 was positioned using a three- dimensional
micromanipulator (UNISENSE A/S, Denmark) and observed using a stereomicroscope with a
CCD camera (World Precision Instruments, Sarasota, FL). The Ag/AgCl reference electrode was
fixed in the flow cell using a helping hand. Data acquisition software was used to control and
record the microprofiles (Sensor Trace Pro, Unisense A/S, Denmark). The experiment took place
in a Faraday cage to minimize electrical interference. The microelectrode tip was moved in a
direction perpendicular to the leaf surface and microprofile measurements were taken at 50 µm
intervals from 1,000 to 50 µm above the surface (to avoid breaking the sensor tip). A single
profile was completed in 3 minutes (<10 s response time).
When ions are taken up by living cells, the concentration in the proximity of the cell’s surface
will be lower than that further away [10a]. The conversion of concentration gradient data into flux
estimate requires assumptions about the mechanisms of ion transport to the plant surface and the
nature of the diffusion boundary layer (DBL) [10a]. However, several studies have shown planar
38

diffusion is mostly responsible for EMF gradients as a microelectrode approaches the surface of
plant tissues [11c,17]. Therefore, only planar diffusion will be considered in this study. If ordinary
diffusion is the only driving force for ion movement toward a plant surface; Fick’s First Law can
be used to express the proportionality between flux and concentration gradient as shown in
equation 1:
𝐽𝑍𝑛2+ =𝐷(𝐶1−𝐶2) (3 - 1)
(𝑋1 −𝑋2 )

Where, J is the net Zn2+ flux (in nanomoles per square centimeter per second), D is the diffusion
constant for Zn2+ (7.05x10-6 cm-2s-1) [18], C1 and C2 are the measured Zn2+ concentrations at X1
and X2, and X is the distance from the surface of the plant tissue. The minus sign is normally
omitted for uptake measurements so that influx is defined as positive.

Scheme 2. Schematic diagram of micro profiling set-up for flux determination of zinc foliar/root uptake
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3.3 Results and Discussion
3.3.1 Sensor Characterization
3.3.1.1 Electrode Response Towards Zn2+ Between SC-µ-ISE 1 and SC-µ-ISE 2
The SC-µ-ISE 1 conditioning protocol was optimized to a minimum conditioning time of 5 hour
in 1x10-3 M Zn(NO3)2 yielding a Nernstian slope of 32.28 ±1.29 mVdecade-1 with a (2.83±0.47)
x10-7 M LOD (Figure 13A), which resembles that of the macro-ion selective electrode platform
previously investigated [13]. Thus, size reduction did not hinder the electrodes ideal response. In a
similar fashion, SC-µ-ISE 2 yielded a Nernstian response of 26.05±0.13 mV decade-1 with an
LOD of (3.96±2.09) x10-7 M (Figure 13B). For in situ determination of foliar uptake of Zn2+ in
citrus plants, the SC-µ-ISE 2 was chosen due to its micro-sized dimensions (tip diameter 30–100
µm), allowing to maneuver various distances for flux analysis at micro-scale.

Figure 13. Zn2+ calibration curves with (A) SC-µ-ISE and (B) SC--ISE 2. (Inset: recorded potential time
traces of respective SC-u-ISEs). All measurements were done in triplicates.
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3.3.1.2 pH Measurements
Given that the pH in phloem bundles in citrus plants is around 6.0 [19], the response of the sensor
with fixed concentration of Zn(NO3)2 (1x10-3 M) at varied pH was investigated. The desired pH
was achieved by adjusting with either HNO3 or NaOH (pH ranged from 2 to 9). The electrode
exhibited a stable response between pH 4.00 to 7.00 as shown in Figure 14. Therefore, the
proposed sensor is able to be used for MIFE analysis.

Figure 14. pH stability of Zn2+ SC-µ-ISE 1. Measurements were conducted in triplicates

3.3.1.3 Selectivity Coefficients
Selectivity measurements for Zn2+ ISEs were obtained using the unbiased separate solutions
method as described by Bakker [20]. Briefly, electrodes were conditioned in the least interfering
ion to obtain Nernstian response, a requirement to use Nicolskii-Eisenman equation. The slopes
and selectivity coefficients are displayed in Table 2. The selectivity coefficients reported in this
work varies from previously reported literature [13], since unbiased method was used.
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Nonetheless, the analysis of zinc foliar uptake is conducted through a surface profile and the
inference caused by copper will be highly reduced. See Table 2.
Table 2. Observed experimental selectivity coefficients

Ion J(z+)

𝒑𝒐𝒕

𝑲𝒁𝒏,𝑱

Slope (mV decade-1)

Ca2+

-3.15±0.07

27.10±0.53

K+

2.13±0.17

52.28±2.05

H+

-0.52±0.13

51.39±0.79

Cu2+

10.82±0.61

38.95±5.11

Zn2+

0

27.78±1.23

3.3.2 Surface Profiling
3.3.2.1 Foliar Zn2+ Uptake
The surface profiles of various Zn2+ concentrations on sour orange seedling leaves are shown in
Figure 15A. There was no detectable change in concentration from the bulk solution to the leaf
surface when the bulk concentration was 0, 0.2, or 1.3 mM. This likely means that the
concentration gradient between the internal leaf concentration and bulk concentration was not
large enough to induce Zn2+ flux. When the concentration of the bulk solution was 6.0 mM, there
was a decrease in concentration from the bulk to the surface of the leaf by 1.6 mM. This
indicates the uptake of zinc by the leaves. This trend continues with higher bulk concentrations
of Zn2+ When the measured bulk concentration was 15.2 mM, the surface concentration was
reduced to 9.1 mM.
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3.3.2.2 Root Zn2+ Uptake
The surface profiles of Zn2+ uptake by the roots of a sour orange seedling are shown in Figure
15B. It is clear that there is a significant difference between Zn 2+ uptake by roots compared to
leaves. Zn2+ concentrations averaging 6.3 mM and 12.6 mM in the bulk were both reduced to 0.2
mM at the surface of the leaves. The DBL was also significantly different between the surface
profiles of the leave and the roots. For example, with a bulk concentration of 15.2 mM, the DBL
of the leaf profile was 210 µm, yet with a similar bulk concentration (12.6 mM), the DBL of the
root profile was increased to 274 m. This may be due to the geometry of the roots. Unlike the
leaves, the roots are round; therefore, a slight change in profiling location can lead to large
changes hydrodynamics and mass transfer.

Figure 15. Microprofiles of various Zn2+ bulk concentration using SC--ISE 2 on A) leaves and B) roots
of sour orange seedlings. (On Figure 15A black squares indicate 0mM, red circles 0.20mM, blues
triangles 1.3mM, pink triangles 6.0mM, and green rhombus 15.2mM Zn2+. On Figure 15B black squares
indicate 6.3mM and red circles 13.0mM Zn2+).
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3.3.1.3 Estimation of Zn2+ Flux via MIFE
There is contradicting research on the uptake of Zn2+ in the leaves of plants. Some studies show
that foliar uptake is possible in wheat plants [21]; while others report foliar uptake does not occur
and can leave the roots starved of Zn2+ if not supplied in the root environment [22]. In this study,
the flux of Zn2+ into the leaves and roots of a sour orange seedling was calculated from the
surface profiles, as shown in Figures 15 and Table 3. There was no significant flux into the
leaves when bulk concentrations were 0, 0.2, or 1.3 mM. This differs from a study by Haslett et
al., where the foliar uptake of zinc (as ZnO and ZnEDTA) in wheat was observed at 1 mM
concentrations of zinc [16]. However, results in this study demonstrate that when bulk
concentrations increased to 6.0 and 15.2 mM, Zn2+ transport into the leaves was observed. The
Zn2+ flux into the leaves ranged from 5.9x102 nmol cm-2s-1 to 1.73x103 nmolcm-2 for zinc
concentrations of 6.0 and 15.2 mM, respectively. This shows that foliar zinc uptake is possible in
sour orange leaves. Zn2+ flux of similar bulk concentrations was observed to be higher in the
roots than compared to the leaves, indicating higher zinc uptake by the roots. The observed
results were expected considering most nutrients are absorbed by the roots of plants [23]. The flux
of Zn2+ into the leaves had a linear relationship with bulk Zn 2+ from 1.3 mM to 15.2 mM (Figure
16), suggesting passive diffusion. However, facilitated diffusion or active transport is also likely
to be involved in Zn2+ uptake by plants [24]. In this case, we would expect to see a saturation
point where all active sites are being consumed. Research by Zhang and Brown

[25]

looked at

foliar Zn2+ uptake in Pistachio and Walnut leaves and found a saturation point at >7.5 mM and
15 mM in pistachio and walnut leaves, respectively. Therefore, it is likely that there is a
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saturation point in citrus plants that is higher than 15.2 mM or that the initial uptake mechanism
of Zn2+ is passive diffusion.

Figure 16. Zn2+ flux as a function of bulk concentration in leaves and roots of sour orange citrus seedlings
using the developed SC--ISE 2.
Table 3. Estimated flux of Zn2+ into leaves and roots of sour orange seedlings using the developed SC-µISE 2.

Zn2+bulk concentration

Diffusion Boundary Layer

(mM)

(µm)

Leaf

0

N.D.

N.D.

Leaf

0.2

N.D.

N.D.

Leaf

1.3

N.D.

N.D.

Leaf

6.0

121

5.9x102

Leaf

15.3

210

1.7x103

Root

6.3

239

1.4x103

Root

12.6

274

2.2x103

Location
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Flux

3.4 Conclusion
A Zn2+ SC--ISE was developed and characterized for the investigation of ion-transport
processes in the foliage and roots of citrus plants. The sensor displayed a 26.05±0.13 mV decade1

Nernstian response and a LOD of (3.96±2.09) x10-7 M. Even though selectivity coefficients

𝑝𝑜𝑡
showed an interfering response to Cu2+ (𝐾𝑍𝑛,𝐽
=10.82±0.61); Cu 2+ concentrations were controlled

in the flux estimation experiments. Therefore, Cu2+ interference was considered to be reduced. It
was also found that the tip size, between 40 and 540 m did not affect the response of the sensor.
Application of the developed Zn2+ SC--ISE to the sour orange seedling revealed important
information on zinc transport processes. It was found that Zn2+ flux is possible in citrus trees at
bulk concentrations above 5.99 mM via MIFE. However, at low concentrations zero or negative
flux was observed. Furthermore, the observed linear relationship between flux and bulk
concentration, highlighting passive diffusion, may be a key mechanism for Zn 2+ transport into
plants. Overall, this study is the first to develop a Zn 2+ microelectrode for the determination of
ion transport processes in plants. This novel tool can be used to further knowledge on the effect
of nutrient therapy on HLB infected citrus plants. Future prospects will seek to target localized
detection of zinc for further information about the role of zinc as a nutritional therapy for HLB
infected plants.
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APPENDIX A: SUPPORTING INFORMATION FOR CHAPTER THREE
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Figure 2A-1. Schematic Diagram of the preparation of the multiplex PBSC-ISE platform

Figure 2A-2. Hydration of solid-contact reference electrode and commercial single junction Ag/AgCl
reference electrode versus double junction Ag/AgCl/3MKCl/1MLiOAc in aqueous solution.

One crucial characteristic for reference electrodes lies in their potential stability over time,
particularly avoiding potential drifts. Additionally, it is important for reference electrodes to
achieve equilibrium with the aqueous face via high free energy of hydration for fast response and
analysis. Hydration allows ions from the organic phase to equilibrate with ions of the aqueous
phase, ease solvation, and reach a thermodynamic equilibrium. Here, we show the trace of
potential versus time graph, where the proposed solid-contact reference electrode is compared to
49

a commercial single junction Ag/AgCl reference electrode. As seen, the response and stability of
the solid-contact electrodes agree with that expected for a commercial reference electrode.

Figure 2A-3. Response of solid-contact electrode against commercial single-junction Ag/AgCl reference
electrode
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